We focused on the antimicrobial effects of titanium dioxide (TiO2) after stopping ultraviolet (UV) irradiation as an adjunctive treatment for peri-implantitis in this study. The aim was to determine the continuous photocatalytic effects of TiO2 after UV irradiation and its antimicrobial activity against periodontal pathogen. The continuous photocatalytic effects of TiO2 after UV irradiation were determined by electron spin resonance (ESR) spectroscopy using TiO2 particles of various sizes with various UV irradiation times. In addition, antimicrobial activity against Porphyromonas gingivalis was investigated by quantitation of colony-forming units (CFUs). The results showed that the ESR signal ratio for the UV-irradiated TiO2 was significantly higher than that of the non-irradiated TiO2. UV-irradiated TiO2 significantly reduced the number of P. gingivalis when compared with non-irradiated controls. These results suggest that TiO2 has a continuous photocatalytic effect even after stopping UV irradiation and that it showed antimicrobial activity against periodontal pathogen.
INTRODUCTION
Peri-implant disease is a common complication of dental implant treatment. Peri-implantitis is an inflammatory reaction that affects the soft tissues surrounding the osseointegrated implant, with concomitant loss of the supporting marginal bone 1) . A similar condition, peri-implant mucositis, is a reversible inflammatory reaction, but it occurs without bone loss. A recent systematic review estimates that peri-implantitis and peri-implant mucositis develop in 18.8 and 63.4% of patients, respectively 2) . The pathogenesis of periimplant disease is similar to that of periodontal disease. Biofilm development appears to play an important role in exacerbating peri-implant disease by altering the biocompatibility of the implant surface 3, 4) . Predominantly gram-negative anaerobic bacteria are found at sites with peri-implant diseases [5] [6] [7] . Treatments for peri-implantitis are mainly based on evidence from treatments for periodontitis. Accordingly, implant surface decontamination constitutes the basic element of peri-implantitis treatment. However, bacterial decontamination of implant surfaces by mechanical debridement alone is difficult because implants have screw-shaped designs and various surface textures. Therefore, adjunctive treatments such as local drug delivery (LDD) and photodynamic therapy (PDT) have been proposed to alleviate peri-implantitis. However, recent systematic reviews of peri-implantitis treatment have found little clinical and laboratory evidence of their effectiveness 4, 8, 9) . The photocatalytic properties of titanium dioxide (TiO2) have been utilized in many industries; for example, in self-cleaning glass and antibacterial tiles 10) . The photocatalytic effects of TiO2 were discovered over 90 years ago and were featured when the photoelectrolysis of water was reported 11) 
Both HO
• and O2
•− are free radicals that are known as reactive oxygen species (ROS). ROS are strong oxidants that induce oxidative damage in the cell membrane and/ or cell wall of bacteria 13) . Generally, HO • can be detected by electron spin resonance spectroscopy (ESR) using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spintrapping agent 14) . Recently, there has been growing interest in the antimicrobial activity of photocatalytic effects 10) . Antimicrobial activity against Escherichia coli is linearly correlated with the amount of HO •15) . Photocatalytic antimicrobial activity of TiO2 during UV irradiation against periodontal pathogens such as Porphyromonas gingivalis has been reported 16) . The photocatalytic effects of TiO2 may be useful in peri-implantitis treatment as an adjunctive treatment for mechanical debridement. However, most previous studies have evaluated the antimicrobial activity of TiO 2 during direct UV irradiation to infection site 17, 18) . Clinical application of direct UV irradiation of periimplant sites with pockets is difficult because of the tight spaces of these sites 17) . Moreover, UV radiation and the heat its light source generates may damage peri-implant tissue. Thus, we focused on continuous photocatalytic antimicrobial activity of TiO 2 after stopping UV irradiation. It may be useful as adjunctive treatment for peri-implantitis that involves antibacterial activity using the photocatalytic effects of TiO 2 against remaining periodontal pathogens after mechanical debridement on the implant surfaces. However, the continuous photocatalytic effects of TiO 2 after stopping UV irradiation have not been fully elucidated and its antimicrobial activity against periodontal pathogens has not been reported 19) . Therefore, the aim of this study was to determine the continuous photocatalytic effects of TiO 2 after stopping UV irradiation and its antimicrobial activity against periodontal pathogen. Experiments were performed with the ESR spin-trapping technique using TiO 2 particles of various sizes with various UV irradiation times. In addition, antimicrobial activity was investigated against P. gingivalis because this pathogen is primarily found around implants with clinical signs of peri-implantitis [5] [6] [7] .
MATERIALS AND METHODS

TiO2 powders
Anatase TiO2 powders with particle sizes of 5 µm (Wako Pure Chemical Industries, Osaka, Japan) and 21 nm (ST-01, Ishihara Sangyo, Osaka, Japan) were used. Nominal values of their specific surface areas were 50 and 300 m 2 /g, respectively. In this study, we use TiO2 powder that was easy to place into the peri-implant pocket, because UV light cannot reach peri-implant pockets around the implant body due to their tight and narrow space.
Analysis of HO
• by ESR spin-trapping technique HO
• production was detected by ESR spectroscopy as described previously 14) . DMPO (88 mM, Labotec, Tokyo, Japan) was used as the spin-trapping agent. Figure 1A depicts the experimental protocol for ESR measurement.
TiO 2 powder (15 mg) was transferred to 24-well plates (Costar ® , Corning, Corning, NY, USA) and was irradiated with a black light source (FPL27BLB, Sankyo Denki, Kanagawa, Japan) at a distance of 10 mm from the top of the well (Fig. 2) . The light source was a 27 W lamp with 368 nm peak wavelength and 9,356 mW/cm 2 average UV intensity (as measured by a UV intensity meter, UV-340A, Lutron Electronic Enterprise, Taipei, Taiwan). UV irradiation times against TiO 2 particles with sizes of 5 µm and 21 nm were set at 1, 3 and 6 h (corresponding to groups 5 µm-1 h, 5 µm-3 h, 5 µm-6 h, 21 nm-1 h, 21 nm-3 h and 21 nm-6 h, respectively). Nonirradiated TiO 2 was used as a control (control group).
After UV irradiation, TiO2 was immediately mixed with 300 µL DMPO solution (88 mM), and a flat quartz ESR measuring cell was filled with the mixture. ESR measurements were performed on a JES-RE1X, X-band spectrometer (JEOL Resonance, Tokyo, Japan) connected to a WIN-RAD ESR data analyzer (Radical Research, Tokyo, Japan) at the following settings: 8.00 mW microwave power, 336.0±5.0 mT magnetic field, 0.079 mT field modulation width, 500 receiver gain, 1.0 min sweep time, and 0.03 s time constant. The ESR spectrum of manganese oxide (MnO) was used to quantify spin adducts. MnO, which was placed in the cavity, was used as an internal standard. Peaks for MnO appear at either side of the ESR spectrum. The signal ratio against the control was calculated. All experiments were repeated three times.
Evaluation of antimicrobial activity against periodontal pathogen, P. gingivalis P. gingivalis ATCC 33277 was used to evaluate the antimicrobial activity. P. gingivalis was cultured at 37°C in an anaerobic chamber (80% N 2, 10% CO2 and 10% H2) for 24 h in tryptic soy broth (TSB) (Bacto TM , Becton Dickinson, Sparks, MD, USA) supplemented with hemin (5 µg/mL; Sigma-Aldrich, St. Louis, MO, USA) and menadione (0.5 µg/mL; Sigma-Aldrich). The optical density (OD) of the bacterial suspension at 660 nm was adjusted to 0.2 with TSB via measurements using a spectrophotometer (Ultrospec 2100 pro, GE Healthcare, General Electric, Fairfield, CT, USA). This OD corresponded to a microbial concentration of 3.0×10 8 cells/mL 20) . Figure 1B shows the experimental protocol of antimicrobial activity evaluation. TiO 2 powder (1 g) was transferred to a 35 mm culture dish (Corning ® , Corning) and was then subjected to UV irradiation. Settings for UV irradiation were in accordance with ESR measurements. The UV irradiation time for particles with sizes of 5 µm and 21 nm was set at 3 h (corresponding to groups 5 µm-3 h and 21 nm-3 h, respectively). The 3 h UV irradiation showed highest signal ratio based on ESR results, and antimicrobial activity was also confirmed to be linearly correlated with the amount of HO •15) . A non-irradiated TiO2 suspension (corresponding to groups 5 µm-0 h and 21 nm-0 h, respectively) and a bacterial suspension without TiO 2 (non-TiO2 group) were used as controls.
After UV irradiation, TiO 2 was immediately mixed with 20 mL of bacterial culture with the adjusted OD. The TiO 2-bacterial suspension was incubated at 37°C in the anaerobic chamber. Viable cells were counted by quantitation of colony-forming units (CFUs). A 100-µL aliquot of the TiO 2-bacteria homogenous mixture was diluted with TSB to 10 −8 times the original concentration at 540 min after UV irradiation. A 100-µL aliquot of the diluted homogenous mixture was placed on plates containing tryptic soy agar (Difco TM , Becton Dickinson) supplemented with 10% defibrinated horse blood, hemin (5 µg/mL; Sigma-Aldrich) and menadione (0.5 µg/mL; Sigma-Aldrich); nine plates were used for each count. Plates were incubated at 37°C in the anaerobic chamber for a further 96 h, and then colonies that formed were counted, and calculated CFU ratio against that of nonTiO 2. All experiments were repeated three times.
Statistical analysis
Statistical analysis using IBM SPSS Statistics version 20 (IBM, Armon, NY, USA) was performed. Data were analyzed by one-way analysis of variance followed by a Bonferroni test (α=0.05). Differences with p<0.05 were considered to be statistically significant.
RESULTS
HO
• production from TiO2 photocatalyst after UV irradiation Figure 3 shows representative ESR spectra of HO • formed through TiO2 using DMPO as a spin-trapping agent. Figure 3 shows only representative ESR spectra, because ESR spectra under each condition showed similar spectra. The DMPO-OH spin adduct had a characteristic hyperfine splitting constant (hfcc) and gave rise to four resolved peaks (A N=AH β=1.49 mT). These hfcc values suggest that HO
• formed through TiO2 excitation, even after UV irradiation. Figure 4 shows the ESR signal ratio of the DMPO-OH spin adduct with elapsed time after UV irradiation. At 60 min after UV irradiation, signal ratios for groups 21 nm-1 h, 21 nm-3 h, and 21 nm-6 h were significantly higher than those of the control group (p<0.05) (Fig. 5A) . At 360 min after UV irradiation, the signal ratio for group 21 nm-3 h was significantly higher than that of the control group (p<0.05) (Fig. 5B) .
Antimicrobial activity against P. gingivalis Figure 6 shows the antimicrobial activity against P. gingivalis. The number of P. gingivalis in the 5 µm-3 h group was significantly reduced when compared with that in the 5 µm-0 h group (p<0.05). In addition, the number of P. gingivalis in 21 nm-3 h was significantly reduced when compared with that of 21 nm-0 h (p<0.05).
DISCUSSION
In this study, we focused on the photocatalytic antimicrobial activity of TiO2 after stopping UV irradiation in order to develop an adjunctive treatment for peri-implantitis together with mechanical debridement. We performed ESR spectroscopy using DMPO as a spin-trapping agent to detect HO
• , and evaluated antimicrobial activity against P. gingivalis.
The signal ratio of the DMPO-OH spin adduct of the UV-irradiated TiO 2 sample was significantly higher than that of the adduct of the control, thus suggesting that TiO 2 continuously produced HO • , even after stopping UV irradiation. This tendency was reported previously; TiO 2 continuously produced HO
• for the first 100 min after UV irradiation, even though different experimental Identical letters indicate no significant differences (p>0.05).
conditions 19) . Photocatalysis after UV irradiation may be due to phosphorescence. The lifetime of an excited state is typically short; excited singlet state (S 1) returns to a singlet ground state (S0) with lower energy, shortly after UV irradiation 21) as follows: S0+hv→S1→S0 In the case of phosphorescence, S1 is into triplet excited state (T1) with unusual intersystem crossing. T1 is returning to S0 with lower energy; however, the energy is trapped in T1 due to spin-forbidden, thus the return to S0 is significantly slower 21) as follows: S0+hv→S1→T1→S0+hv' This phosphorescence mechanism may cause continuous production of HO
• after UV irradiation. The signal ratio for UV-irradiated TiO2 with a 21-nm particle size was significantly higher than that of its 5 µm counterpart. This difference is probably due to the discrepancy in their specific surface areas (300 and 50 m 2 /g, respectively). This result agrees with a previous report on the increase in the photocatalytic effects of TiO 2 with decreasing particle size 22) . We expected that the photocatalytic effect would increase with UV irradiation time in the present study. Interestingly, the signal ratio for the TiO 2 sample that was UV-irradiated for 3 h was higher than that of the sample irradiated for 6 h. The lowered photocatalytic effect after extended UV irradiation might be caused by adhesion of inhibitor to the TiO 2 surface. Decreasing photocatalytic effects with extended UV irradiation have been found to be due to adhesion of carbon compounds to the TiO 2 surface 23) . However, X-ray photoelectron spectroscopy showed that the element profiles of the TiO 2 samples that were UV-irradiated for 6 h and for 3 h did not differ (data not shown). Therefore, the lowered photocatalytic activity after extended UV irradiation might be caused by other factors, although their mechanisms for reducing activity are not understood.
Sites affected by peri-implant diseases typically harbor periodontal pathogens such as P. gingivalis [5] [6] [7] . Thus, P. gingivalis was used to investigate the antimicrobial activity of continuous photocatalytic effects in the present study. The UV irradiation time was set at 3 h based on ESR results. The results show that the UV-irradiated TiO 2 sample significantly reduced P. gingivalis when compared with non-irradiated controls (p<0.05). As ESR detected HO • , HO
• might account for this difference in antimicrobial activity. The mechanisms of photocatalytic antimicrobial activity against bacteria are reported to be degradation of the cell membrane and/or cell wall by attack by ROS such as HO •13) . Accordingly, antimicrobial activity against P. gingivalis after UV irradiation might be due to continuous production of HO
TiO2 with a 21-nm particle size also significantly reduced P. gingivalis in our study, even in the absence of UV irradiation. TiO 2 nanoparticles are reported to show antimicrobial activity against P. gingivalis, having a minimum inhibitory concentration (MIC) value of 2.5 mg/mL 24) . It is thought that nanoparticles accumulate on cell membranes, the permeability of which becomes compromised, rendering the cell unable to regulate transport, hence leaking intracellular components and eventually causing cell death. In the present study, the concentration of TiO 2 nanoparticles (50 mg/mL) was sufficient to reduce P. gingivalis. Therefore, the strong antimicrobial activity of UV-irradiated 21-nm TiO 2 particles against P. gingivalis arose from synergistic effects of HO
• production and nanoparticles. Complete bacterial decontamination of implant surfaces by mechanical debridement alone is difficult. Thus, a great variety of adjunctive treatments for periimplantitis, such as LDD, PDT, gauze soaked with saline or antiseptics, air-powder abrasives, Er-YAG lasers and implant surface modification have been proposed. However, a recent consensus report found no evidence for the superiority of any one approach 9) . Our results revealed that HO • , which showed antimicrobial activity against P. gingivalis, continuously formed from TiO 2 after stopping UV irradiation in this study. Previous studies suggested that excess direct UV irradiation to the human body can damage tissue 17, 18) . Thus, the continuous photocatalytic effects of TiO2 after UV irradiation may contribute to a safer approach for providing antimicrobial activity in clinical settings.
It has been reported that ROS such as HO • damage cells and tissues 25) , and TiO2 nanoparticles induce cell death via apoptosis and/or necrosis 26) . On the other hand, no harmful effects have been reported. The proliferation of human periodontal ligament fibroblasts did not decrease on the UV-irradiated TiO 2 coated disks 27) . No abnormal findings were observed in the oral mucosa and the skin of rats that were exposed to HO •28) . Furthermore, TiO2 nanoparticles are widely used as an ingredient in commercial products such as toothpaste, sunscreens and foods 29) . There have been no serious detrimental reports on these products.
CONCLUSION
In conclusion, anatase TiO2 has a continuous photocatalytic effect, even after stopping UV irradiation, and showed antimicrobial activity against periodontal pathogen. The photocatalytic antimicrobial activity of TiO 2 may therefore be a useful approach for bacterial decontamination in peri-implantitis. Further study is needed to investigate the effectiveness of UV irradiation technique use in this study for peri-implantitis treatment.
